Abstract
Introduction
Porous structures have become important in the development of thermal management systems; particularly in two-phase devices [1, 2] . A porous structure, as a critical component of two-phase heat transfer devices, provides the capillary pressure for driving the two-phase circulation. It also serves as the flow path for the return of the working liquid in such 'heat pipes'. With respect to heat and mass transport through the porous structure, measures to increase the flow rate are demanded, whilst in heat pipe (HP) technology better capillary behaviour is sought. This motivates the development of specialized porous structures as well as simple and reliable measurement methods for the characterization thereof.
Recently, significant progress has been made in the field of additive manufacturing (AM) to fabricate complex freeform structures. AM is a process whereby a 3D solid object is fabricated directly from a digital CAD file [3, 4] . The most promising type of AM for industrial purposes consists of using a laser beam as a source of energy in combination with a powder bed system. This technology, selective laser melting (SLM), is utilized in the current study. For SLM, the desired part is built by selectively melting material supplied in the form of a fine powder within a powder bed. This approach provides a method for fabricating complex freeform geometries offering a range of advantages compared to conventional manufacturing techniques. In particular, AM can help to reduce the total number of parts, yield a higher production rate, allow unique design and be less limited by geometrical constraints [5] .
The fabrication of porous structures has been extensively explored by traditional methods including liquid state processing, solid state processing, electro-deposition and vapour deposition [6] . However, with these production methods only limited control over the internal structure can be achieved. SLM technology can fabricate porous structures with predefined-shape, as well as a range of material choices and shorter process cycle [7] .
In HP applications, thermal conductivity of the wick is one of the important design parameters. The effective thermal conductivity is determined considering the thermal conductivity of the constituent phases of the material, i.e., the solid phase and the fluid phase. Desired characteristics of a wick, such as conductivity and permeability, involve working with conflicting properties and the trade-off between them has to be carefully evaluated. Thermal conductivity and flow properties are not independent from each other. A high thermal conductivity wick has to have low porosity, and as a consequence, it will feature high capillary pressure and low permeability. Much published literature report experimental investigations of the effective thermal conductivity of porous materials made of sintered powders [8] [9] [10] . In this work, the emphasis is on the experimental determination of the effective thermal conductivity of porous structures fabricated through SLM.
In HPs, the effective pore radius is a parameter used to describe the available pressure rise for liquid pumping. The risen meniscus test is a common method to determine porous media characteristics; i.e., effective pore radius and contact angle. In general, capillary rate-of-rise tests can be performed by sight of optical camera [11, 12] or an infrared thermal imaging method [13, 14] and weighing methods [15] . Since most of the working liquids are colorless and transparent, it is difficult to locate the risen meniscus in the wick by sight. This is especially true in the case of sinter-style porous structures.
Hence, an analysis of weight-time data to infer the contact angle is proposed in this study. Many researchers have studied capillary penetration of liquids into porous media to determine contact angles and pore sizes of porous media by column and thin layer wicking [16] [17] [18] .
Despite the advantages of SLM technology, only limited work has been reported in its implementation for two-phase devices and associated porous structures. When a fluid enters a porous medium, due to capillary effects, a complex flow field develops within the pores. This wicking depends on geometrical and physical properties of both the material and the liquid. The aim of this work is to characterize the effective thermal conductivity and contact angle of the fabricated porous structures. Firstly, the manufacturing of the porous sample is described in Section 2 and then the experimental investigation is introduced in Section 3. Results are presented in Section 4 and discussed. Concluding remarks are collected in Section 5.
Sample fabrication
The porous sample for this study is manufactured using an Mlab Cusing 90, 3D Metal Printing Machine. An yttrium fiber laser with maximum laser output of 100 W having a continuous wavelength of 1.07 μm and nominal beam diameter of 40 μm is employed in this machine. The power and exposure time of the laser during each layer are set to control the degree of melting at each laser contact spot and the melt pool. This interaction defines the strut diameter of the porous structure and hence its porosity.
Figure 1: 500 μm unit cell as designed (top) as well as the SLM fabricated porous structure (below).
The porous structure is generated by the formation of octahedral units (500 μm), repeated in a constrained boundary representing structural geometry. To prepare a CAD model for the SLM machine the entire geometry is enclosed in a bounding box. The box is filled with unit cells of the predefined size. The entire geometry is sliced into layers with a specific thickness (50 μm) by the computer-aided machine software. The porous structure of 1× 20 × 40 mm 3 with 500 μm octahedral unit cell sizes is designed and manufactured as shown in Figure 1 .
After completion, the build substrate is removed from the chamber. The sample is then cut from the substrate using a wire erosion process to avoid excessive smearing of the pores. The specifications of the SLM machine and the used materials are provided in Table 1 . 
SLM machine
Concept Laser Mlab Cusing 90
Laser system yttrium fiber laser 100 W, wavelength: 1.07 μm
Laser scan speed 7 m / s

Laser focus diameter 40 μm
Layer thickness 50 μm
Hatch distance 1.3 mm
Protective gas Nitrogen
Material
Stainless steel (CL 20ES)
Particle diameter ~ 15μm
Sample size 1× 20 × 40 mm 3 3 Development of experimental devices
Porosity measurement
For measuring the porosity of the fabricated porous sample, a balance is used to weigh the sample before and after saturating it with methanol. Methanol is used rather than, for example, water, due to its volatility. The porosity is measured by weighing the amount of methanol required to saturate the wick following the Archimedes method:
where ε is porosity, mp and ml are the metal porous and methanol liquid masses, respectively, and ρp and ρl are the metal powder and methanol mass density, respectively.
An analytical balance is used to measure weight (error range of ±0.1 mg). Repeated trials indicated this deviation to lead to less than 2% variation in porosity values. The average porosity of the tested sample is 0.461 with an uncertainty of 1.5%. 
Effective thermal conductivity measurement
An apparatus was designed and built to measure the effective thermal conductivity of the porous sample. Figure 2 shows a scheme of the designed experimental apparatus. The experimental set up includes: a heating section, the test chamber and a cooling section. The heater section is composed of an electric resistance wired around a copper connection to the sample clamp. The heat is transferred by conduction mode to the sample, using pure copper. The porous sample to be tested is placed in series between the copper clamps bridging the heating and cooling sections. The cooling section is kept at a prescribed temperature by means of a cooling jacket. Heat transfer by convection from the testing sample is avoided by placing the sample inside an evacuated test chamber. During the tests, the device was located in a horizontal arrangement. The sample is tested in a vacuum and in a liquid-filled environment with saturated distilled water and ethylene glycol. The temperatures are measurement by means of type T thermocouples, which are connected to a data acquisition system.
The sample heat flux is measured as a heat flux on the heater section of the porous sample. The heat flux is determined, using the heat conduction Fourier equation, using the measured temperatures and the known thermal conductivity of the copper connections:
where q is the heat flux, kc is the thermal conductivity of the copper, Th2 and Th1 are the flux meter temperatures, which sensor positions are given by xh2 and xh1, respectively. Using the Fourier model the porous media effective thermal conductivity can then be calculated as: Figure 2 : Scheme of the experimental apparatus and sample assembling for thermal conductivity test.
where ΔT is the temperature difference measured in the sample (Tw,h-Tw,c), Q is the input power, A is the cross section area, and l is the sample length. The thermal resistance between the sample and the cover is neglected. Uncertainties associated with the temperature measurement are taken into account and calculated.
Rate-of-rise method
Direct measurement of contact angles through porous structures is difficult. The technique used in this work is the Washburn capillary rise (WCR). Main assumptions that apply to this technique are steady-state laminar flow, zero velocity of the liquid at the solid/liquid interface, no externally applied pressure and negligible gravitational effects. The following equations present the relation between a squared mass of the penetrating liquid and the penetrating time [19] :
where m is the weight of the sample achieved during a rise time trise, C is the geometric factor, ρ is the liquid density, σ is the liquid surface tension, θ is the contact angle, μ is the liquid viscosity, reff is the effective pore radius or the equivalent radius of voids in the porous material, A is the cross section of the sample and ε is the porosity of the sample.
The main concern for contact angles characterized using WCR is how reasonable the determined values are. This concern is based on several facts. First, the sample fabrication process may affect the liquid penetration, although some researchers reported that this appears not a strong influence [20] . Second, some unsuccessful contact angle characterizations of porous materials by applying WCR have been documented [21] . In the Washburn equation, there are two unknown parameters, the geometric factor (C) and the contact angle (θ). To measure the geometric constant the other variable needs to be eliminated. To do this, a liquid which totally wets the sample, leading to a contact angle of zero is used, n-Hexane.
A limitation of WCR is to find a suitable completely wetting liquid to be used for determining the geometric factor of the porous sample. Here n-Hexane is used with a very low surface tension (see Table 2 for specifications). The gradient of the absorption curve with the mentioned totally wetting liquid is used to measure the geometric constant. Then, the contact angle of the porous structure can be calculated from the recorded mass versus time signal.
Water and ethylene glycol are used to measure the contact angle. The rig to perform the risen meniscus test is shown in Figure 3 . The experimental assembly consists of an analytical balance where the porous media is suspended in a vertical position. The balance is interfaced to a computer and the weight is acquired. The experiment takes place in a glass chamber containing the liquid to minimize the evaporation of liquid during the entire capillary rise process. A precision Figure 4 presents the morphology of the spherical powders and the fabricated sample. It was determined that the particle size is in the range of 15-20 μm and pore sizes in the fabricated sample are relatively uniform around 160 µm. Figure 5 presents the effective thermal conductivities for the porous media in vacuum condition, and saturated with water and ethylene glycol. As depicted, the effective thermal conductivity of the sample saturated with ethylene glycol is lower than that of water. This shows that the effective thermal conductivity is sensitive to the fluid. Interestingly, this is in disagreement with Florez et al. [10] , which showed that the effective thermal conductivity of sintered copper porous media is not sensitive to the interstitial fluid (water and methanol). Figure 6 shows a comparison of the experimental results for the effective thermal conductivity of the watersaturated sample as a function of mean temperature following a number of available literature models, as listed in Table 3 . The experimental data are between the upper and lower Maxwell model. The parallel and series models are too simplified and do not show good results when compared to the measurement data. 
Results and discussion
Effective thermal conductivity
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Models Correlations
Parallel = + ( − ) Series = + ( − ) Lower Maxwell = [ + ( ⁄ )( − )] − + ( ⁄ ) Upper Maxwell = [ ( ⁄ ) ( − ) + ( + )( ⁄ )] ( + )( ⁄ ) + − Alexander = ( ⁄ ) ( − ) .
Contact angle
Before measuring the contact angle, a pre-test is performed with droplet tests using a contact angle system to investigate the wettability of the porous sample. A video contact angle measurement system is used to record the fast permeation of a deionized water droplet. Figure 7 shows the experimental setup and Figure 8 shows images of a water droplet (4.5 μL) that is deposited into the wick structure. After being placed on the porous structure, the droplet infiltrates the porous layer in a relatively short period of time (<0.02 s) confirming excellent wetting. Consequently, the static contact angle of the droplet cannot be measured due to lack of an equilibrium state. According to Eq. (4) the weight of the porous sample must increase over time depending on the properties of the liquid, the geometry of the sample and the contact angle between the liquid and the solid surface. The results presented in Figure 9 summarize the average penetration rate of the liquid into the porous sample for three liquids that have been used in the capillary rise weight method. The time evolution of m 2 is depicted and its slope should be constant as all the terms of Eq. (4) are constant. As shown in Figure 9 different slopes are observed when the liquid flows through the sample with water advancing faster through the sample than ethylene glycol and n-Hexane. The n-Hexane computed slope, by the mean square method, leads to the geometrical factor C given in Table 4 . Through this value, the contact angles for the water and ethylene glycol are calculated according to Eq. (5). It should be noted that only the early portion, Figure 9 (b), is utilized to estimate the contact angle of the liquid on the material based on Washburn's analysis. The weight measurement allows the collection of the total penetrated liquid quantity without differences in large and small pore contribution, while at early stages, the increasing weight is due to the fact that primarily the larger pores are filling.
Further investigation is needed to study the capillary penetration based on the height-time and the weight-time technique to verify whether the two approaches provide the same results [22] . From this comparison, we could infer similarities and differences between the two approaches.
Results concerning the contact angle values calculated from the saturated part of the m 2 versus time curves are listed in Table 4 . This value strongly depends on the liquid used. For the penetrating rate of the liquid up the porous sample, in the initial stage, the capillary rising of n-Hexane and ethylene glycol are similar and much slower than the capillary rising of water. This indicates a similar capillary rising process and proves the important role of the liquid that is used. Since the water presents a larger capillary rising, this comparison validates the interaction wetting effect between water and other fluids in additively fabricated porous structures.
Conclusions
An experimental apparatus for the determination of the effective thermal conductivity and contact angle of porous structures fabricated by SLM is presented and discussed. The effective thermal diffusivity is measured and the thermal conductivity of the fabricated sample is found to be in the range of 1.8~2.2 W/m·K in vacuum condition, ~3.0 W/m·K for ethylene glycol and ~6.0 W/m·K for water as a saturated fluid. The experimental results are compared with available correlations in the literature. Of these correlations, it was found that the effective thermal conductivity is between the upper and lower Maxwell models, albeit with a fairly large margin.
The rate-of-rise test for measuring the contact angle and the effective pore radius of the porous structures is also considered in this study. The test is performed with multiple trials on a single sample, and the data is analysed using a graphical mean square fit. Results from the data reveal trends that indicate the applicability of the measurement method, as a good part of the m 2 versus time curve displayed linear behaviour after an initial transient time. It is demonstrated that during capillary rise, the contact angle can be obtained by the Washburn equation. As the geometrical constant can only be obtained from the signal at early stages, the determination of the contact angle is limited to this time interval.
